Understanding of the relationships between bird species and environment facilitates protecting avian biodiversity and maintaining nature sustaining. However, the effects of many climatic factors on bird richness have not been fully grasped. To fill this gap, this study investigated the relationships between the richness of three typical North American breeding bird species and three climatic factors at the monthly scale. Based on the North American Breeding Bird Survey (BBS) data during 1967-2014, the relationships between the numbers of Carolina wren, Cerulean warbler, and Red-bellied woodpecker and the three climatic factors of precipitation, vapor pressure, and potential evapotranspiration were examined using the method of Pearson linear regression analysis. The results indicated that the three climatic factors have correlations with the richness of the breeding bird species but in different modes, e.g., strong correlations for the non-migratory species but weak correlations for the migratory species.
INTRODUCTION
Understanding of the interactions between various bird species and their environments is increasingly highlighted (e.g., Sauer et al., 1994; Link and Sauer, 1998; Bled et al., 2013; Goetz et al., 2014) , especially in the context of global change. The relevant studies have been conducted in many fields concerning avian ecology, since the scientific inferences facilitate enhancing many studies and managements, e.g., guiding more effective policymaking for biodiversity conservation (Bellard et al., 2012 ).
The relative importance of different environmental variables in predicting bird species richness has been long investigated (e.g., Cueto and Casenave, 1999; Seoane et al., 2004; Coops et al., 2009; Hansen et al., 2011; Fitterer et al., 2012) . Now, progress in remote sensing and ecological modelling can support a timely and robust analysis of more complicated ecological variables, such as 3D habitat structures that underlie large-scale patterns of breeding bird species richness (e.g., Bled et al., 2013; Goetz et al., 2014) . However, the effects of the hydrology-typed climatic factors like precipitation, evapotranspiration and vapor pressure on bird species richness have not been fully examined.
In addition, the previous studies focusing on the interactions of bird species richness and environmental factors were generally conducted at the annual scales (Scott et al., 1994; Florent et al., 2013) . This temporal scale cannot characterize the changes of the richness of different bird species along seasons. Thereby, the mechanisms underlying the influence and response between bird species richness and climatic factors at finer temporal scales have been unclear yet, particularly at the continental scales.
To address these gaps, this study investigated the relationships between the richness of different bird species and the values of different hydrology-typed climatic factors, which were compiled at the monthly scales both. The optimal relationship determined for each bird species can reveal the dependence of that species to the related climatic factor.
MATERIALS AND METHODS

Study Area
The study area was located in the North American continent, briefly in U.S.A. as shown in Figure 1 . The mainland of U.S.A. features a huge diversity of bird species and varying climate. Stretching from the East Coast to the eastern North Dakota, further down to Kansas, is the continental-humid climate that features four distinctive seasons and a large amount of annual precipitation, with places like New York City reaching about 50 inches on average. Starting at the southern border of the continental-humid climate zone to the Gulf of Mexico shows a subtropical climate. This region has the wettest cities in the contiguous U.S.A. with annual precipitation reaching about 67 inches in Mobile, Alabama. Stretching from the borders of the continental humid and subtropical climates and going west to the Cascades Sierra Nevada, south to the tip of Durango, north to the border with tundra climate, the steppe/desert climate is the driest climate in the U.S.A. In consequence, so many kinds of climates may relate to different modes of bird distributions.
Data of Bird Observation
We used the data of bird observation from the North American Breeding Bird Survey (BBS), which started in 1966 for the purpose of characterizing North American avian population changes. Bird observations were annually deployed at the peak of the nesting season (June in common) along 4100 randomly selected routes through the U.S.A. and Canada, but not all routes were available every year (www.pwrc.usgs.gov/bbs). The participants being skilled in avian identification collected bird population data along the planned survey routes. Each survey route is 24.5 miles long with stops at 0.5 mile intervals. At each stop, a 3-minute bird counting was conducted. During the counting, every bird seen within a 0.25 mile radius or heard was recorded. Each survey started one-half hour before the local sunrise and lasted about 5 hours. Figure 1 illustrates the observation sites of the three bird species (2014) and each point is the start location of the related route. For each survey on a route, data collected include the number of stops on which the individuals and the total number of the individuals of a given species were detected. A variety of ancillary data such as the observer names and weather information were also recorded. In face of so high bird diversity, we conducted three case studies of Carolina wren, Cerulean warbler and Red-bellied woodpecker to investigate the relationships between bird species richness and climatic factors. We used the yearly summary data for each route from 1967 to 2014 as well as the synchronously recorded climatic variables. The total number of the survey routes is more than one hundred thousand and the number of the observed birds is more than nine hundred thousand. The statistics about the bird observations are listed in Table 1 
Data of Climate Recording
The detailed climatic factors concerned in this study include precipitation (PRE, mm per month), vapor pressure (VAP, hectopascals (hPa)), and potential evapotranspiration (PET, mm per day), as illustrated in Figure 2 (2014) . We used the datasets published by the Climatic Research Unit (CRU) (https://crudata.uea.ac.uk/), which has developed a series of data widely used in climate research. The CRU-distributed data were formatted into 0.5°×0.5° grids. The data related to the three climatic variables during 1966-2014 was acquired from the CRU website and used to analyse their influence on the richness of the three bird species. 
Data Preprocessing
The spatial resolution of the CRU data is 0.5°. For the purpose of conducting correlation analyses between bird richness and climatic factors, the data of bird observations was rastered into 0.5°×0.5°. The routes were projected into the geo-rasters, and the mean number of birds observed on all of the routes within one raster was assumed to represent the richness of that bird species in the related area. Some routes were not visited every year, and so, such routes were not considered in the following regression analysis.
Analysis of the Relationships between Bird Richness and Climatic Factors
The relationships between bird richness and climatic factors were investigated by using the approach of Pearson correlation analysis (Lesak et al., 2011) . Since bird observations mainly occurred in July, the bird richness value in each raster was deduced as the sample of that year. To understand how it was controlled by climate, the monthly averaged values of the three prescribed climatic factors before each August were calculated as the climatic parameters, and each of the climatic 
RESULT AND DISCUSSION
The Rasterized Bird Richness Data
For each of the bird species test in this study, the routes for its observations each year were rasterized. Figure 3 illustrates the spatial distributions of the numbers of the three bird species in 2014. 
Relationships between Bird Richness and the Climatic Factors
For each raster, the Pearson correlation coefficient between the number of each of the bird species and the value of each of the climatic factors was derived for the 48 years, and this operation was repeated for all of the cases of combination of the three bird species, the three climatic factors, and the 19 prescribed months.
The statistical results averaged all over the study area are listed in Figures 4, 5 and 6, which relate to Carolina wren, Cerulean warbler, and Red-bellied woodpecker, respectively.
We can learn from these charts that the species of Carolina wren and Red-bellied woodpecker showed similar patterns but the R-values for Carolina wren, mostly, were correspondingly higher than that for Red-bellied woodpecker. The correlations for the Cerulean warbler species were distinctive to the patterns of the other two bird species. (a) PRE, (b) VAP, and (c) PET. The tick labels of x axis from -1 to 7 mean the months from last January to this July for each year. Figure 6 . The max (red), mean (blue), and min (green) correlation coefficients for Cerulean warbler, in terms of (a) PRE, (b) VAP, and (c) PET. The tick labels of x axis from -1 to 7 mean the months from last January to this July for each year.
Specifically, for Carolina wren, the best correlation with PRE occurred in the January of the same year, with the determination coefficient of 0.33; the highest correlation with VAP emerged in the August of the last year, with the correlation coefficient of 0.45; the best correlation with PET happed in the February of the same year, with the coefficient of 0.42. It can be noticed that for VAP, the monthly correlation coefficients are relatively smooth. This is because vapor pressure rises and drops steadily within the study area.
For Red-bellied woodpecker, we found the similar performance. The best correlation with PRE occurred in the February of the same year, with the coefficient of 0.20; the highest correlation with VAP emerged in the December of the last year, with the correlation coefficient of 0.39; the best correlation with PET happed in the January of the same year, with the coefficient of 0.36. It can also be found that for VAP, the monthly correlation coefficients are relatively smooth, and the reason is similar to that for the Carolina wren species.
For Cerulean warbler, the correlations performed in a different way. Although it can be exposed that the best correlation with PRE occurred in the January of the same year, the correlations with VAP and PET were almost consistent. That is, the curves of the correlation coefficients are quite smooth and the absolute values are all between 0.1 and 0.2. In some special years, the absolute values are between 0.2 and 0.3. PRE showed positive correlations in summer and negative correlations in winter, but VAP and PET both showed negative correlations for all of the months of interest.
One important reason of the Cerulean warbler species showing weak correlations with the three climatic factors lies in that the climatic data were obtained from their summer habitats. In fact, the Cerulean warbler species fly to south in the winter. Hence, their correlations, no doubt, did not follow the patterns of the other two non-migratory bird species.
The comparison between the three bird species showed that the three climatic factors are strongly correlated with the richness of the non-migratory bird species. This kind of bird species has strong relationships with vapor pressure, since vapor pressure is determined by the combination effect of water and temperature. This inference fits the finding in the previous study, namely, the abundance of breeding bird species is strongly correlated to the climatic factors of temperature and precipitation (Goetz et al, 2014) .
Other factors possibly disturbing the results of the relationship derivation involve global decline in bird species richness, the increase of human population, and land use change (Allen and O'Connor, 2000) , which influence bird breeding, growth and migratory. Specifically, for the study continent, the traditional habitats of birds have been widely cleaned up for other lands uses, especially in the western and southwestern parts of the breeding area. In this study, we did not take into account these influence factors, and the analyses were insufficient to fully reveal the relative importance of the three specific climatic factors on North American breeding bird species richness. The following work will add more variables such as vegetation structure and more influence factors into the analyses, in order to give more accurate predictions of the trends of the breeding bird species.
CONCLUSION
Based on the BBS bird data and the CRU climatic data, it was found that the richness of breeding birds for the three species of Carolina wren, Cerulean warbler and Red-bellied woodpecker had correlations with the three water-typed climatic factors of precipitation, vapor pressure and potential evapotranspiration but in different patterns, e.g., with strong correlations for the non-migratory species but weak correlations for the migratory species like Cerulean warbler.
